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A B S T R A C T   

Dissolved organic carbon (DOC) is the largest organic carbon pool in the ocean, and is the most active component 
in respect to the ocean carbon cycling. However, its study in Antarctica has been limited due to challenges 
associated with sample collection. In this study, we conduct an investigation on the chromophoric dissolved 
organic matter (CDOM) in a highly productive Amundsen Sea Polynya (ASP), where phytoplankton blooms occur 
annually during the austral summer, serving as the primary source of DOC and CDOM. The relative abundances 
of CDOM, as indicated by the absorption coefficient at 254 nm (a254), exhibit significant variability, reaching up 
to 6.34 m− 1. Four fluorescent components, including two humic-like components (C1 and C4) and two protein- 
like components (C2 and C3), are identified by excitation emission matrix coupled with parallel factor analysis 
(EEM-PARAFAC). Our findings suggest that heterotrophic metabolism primarily contributes to the formation of 
humic-like fluorescent components and DOC removal. Water mass, solar radiation, primary productivity as well 
as microbial degradation are identified as the main factors influencing CDOM dynamics in ASP. This study bears 
significant implications for advancing our understandings of the CDOM and DOC dynamics in the coastal po
lynyas of Antarctica, thus facilitating improved evaluation of carbon cycle in the Antarctica.   

1. Introduction 

The Southern Ocean plays a critical role in the global carbon cycling, 
and it accounts for over 40% of the global oceanic anthropogenic CO2 
uptake (Sallee et al., 2012). The polynyas surrounding Antarctica 
exhibited high productivity (Arrigo and van Dijken, 2003), and thus 
have long been recognized as a strong sink zone for CO2 (Arrigo et al., 
2008). The Amundsen Sea is located between Ross Sea and the 
BelingsGaujin Sea of the west Antarctica, which is one of the most 
affected regions by rapid global warming among the Antarctic marginal 
seas. Recent satellite images have revealed surface warming and 
reduced sea ice in this area, accompanied by the rapid melting and 
thinning of adjacent glacier (Schoof, 2010). The Amundsen Sea Polynya 
(ASP) has been identified as having the highest primary production 
among 37 identified coastal polynyas in the Southern Ocean. This is 
attributed to the infusion of iron from melting glaciers, which typically 
occurs in inshore area at austral summer (Arrigo and van Dijken, 2003). 
The increased productivity resulting from glacial retreat in the polynya 

region could significantly impact the marine carbon cycle of Southern 
Ocean. Despite the dissolved organic matter (DOM) being the largest 
organic carbon reservoir in the ocean and playing a vital role in the 
ocean carbon cycling (Hansell and Carlson, 2013), our understanding of 
DOM dynamics in the ASP remains limited. 

Chromophoric dissolved organic matter (CDOM) is the optically 
active component of DOM (Coble, 2007), which can absorb light at 
visible and ultraviolet wavelengths (Kieber et al., 1989). CDOM not only 
affects the optical properties of water column but also influences 
biogeochemical process, cycling of carbon, and trace elements (Nelson 
and Siegel, 2013). By modulating the light attenuation in the ocean, 
CDOM protects marine organisms from UV radiation, particularly in the 
Southern Ocean, where the highest levels of UV radiation occur at the 
end of December (Hansell, 2002; Norman et al., 2011; Osburn et al., 
2009). Phytoplankton are generally considered the primary source of 
CDOM in open ocean due to the large amount of organic matter pro
duced via photosynthesis (Carder et al., 1989). This coupling relation
ship has been observed by satellite images at a global scale (Siegel et al., 
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2002) and regionally in-situ investigations (Babin et al., 2003). How
ever, a decoupling relationship between CDOM and Chl a has also been 
found (Rochelle-Newall and Fisher, 2002), and bacteria contributions to 
CDOM have been reported both in the field and in the lab (Nelson et al., 
1998; Ortega-Retuerta et al., 2009). Solar radiation can induce both 
photobleaching and photohumification processes in CDOM. Photo
bleaching causes the loss of absorbance due to the reaction of solar ra
diation (especially UV) with CDOM (Kieber et al., 1989), while 
photohumification can increase CDOM absorbance through the trans
formation of organic compounds such as fatty acids or triglycerides into 
humic-like substances (Kieber and Seaton, 1997). Therefore, the distri
bution of CDOM in open ocean can be regulated by a balance between 
photobleaching, photohumification, and biogeneration (Ortega- 
Retuerta et al., 2010a). 

Satellite images from the Sea-viewing Wide Field-of-view Sensor 
(SeaWiFS) have shown that due to the low degree of solar irradiation, 
deep mixing layer, and high primary productivity, the CDOM exhibits a 
high-value zone in polar open waters (Siegel et al., 2002). The highest 
CDOM absorbance at 355 nm of 0.51 m− 1 in euphotic layer was recorded 
in ASP of Southern Ocean, where the dominant phytoplankton taxa, 
Phaeocystis antarctica, was confirmed to be the most important 
contributor for CDOM (Lee et al., 2016). The net accumulation of CDOM 
at the surface water of ASP was found to be negative, indicating a labile 
nature of freshly produced CDOM (Chen et al., 2019). This characteristic 
was also found in Antarctic Peninsula area, with CDOM half live from 
2.1 to 5.1d due to photobleaching in the upper layer (Ortega-Retuerta 
et al., 2010b). Remote sensing investigations in this area have shown 
that the seasonal variability of CDOM appeared to be controlled by the 
dynamics of ice (Ortega-Retuerta et al., 2010b). 

Antarctic coastal polynyas experience high primary productivity 
during the austral spring and summer when there is reduced sea ice 
coverage (Arrigo and van Dijken, 2003). This increased productivity has 
significant implications for the carbon cycle in the Southern Ocean. 
Previously studies have estimated that carbon export in ASP could reach 
up to 900 mgC m− 2•d− 1 (Yager et al., 2016), and the downward flux of 
particulate organic carbon (POC) determined by short-term deployment 
of floating traps at 60 m and 150 m was 320 and 32 mgC•m− 2•d− 1, 
respectively, indicating an efficient export system (Ducklow et al., 
2015). However, only a small fraction of the produced POC can reach 
the deep layer. As suggested by Lee et al. (2017), the POC flux at ~400 m 
corresponded to 1–2.5% of primary productivity in austral summer. The 
low POC flux and carbon sequestration in the productive ASP might be 
influenced by bacterial respiration (Ducklow et al., 2015) and off-shelf 
flush in the upper layer (Lee et al., 2017). Previous work has identi
fied various FDOM components in ASP (Chen et al., 2019); however, the 
dynamics for each component in water column are still unclear, espe
cially under the influence of unstable and changing environment such as 
stratification. 

In this study, we investigate the geographic and vertical distribution 
of CDOM and DOC in ASP, Antarctica. To achieve this, we employ the 
excitation emission matrix coupled with parallel factor analysis (EEM- 
PARAFAC) technique. Our objective is to gain a deeper understanding of 
the sources and variations of CDOM, as well as to identify the factors 
that influence the dynamics of DOC and CDOM in the highly productive 
ASP during the austral summer. By analyzing the fluorescence signa
tures of CDOM and conducting a comprehensive examination of its 
spatial and vertical distribution, we hope to shed light on the origins and 
behavior of CDOM in this unique Antarctic ecosystem. Through our 
research, we aim to contribute to the broader understanding of the 
biogeochemical processes occurring in the ASP and their implications 
for carbon cycling in polar regions. 

2. Methods 

2.1. Study area and sample collection 

Samples were collected for DOC and CDOM analysis at austral 
summer in the Amundsen Sea epipelagic layers during a cruise carried 
out from January 21st to 30th 2020 on the R/V Xue Long of Polar 
Research Institute of China (PRIC) (Table 1, Fig. 1). The sampling area 
was divided into two regions based on sea ice concentration data during 
the survey: the Amundsen Sea Polynya (ASP) and the Amundsen Sea 
Open Water (ASOW). The polynya in the Amundsen Sea had opened 
earlier than November 2019, as indicated by sea ice information from 
that period (Fig. S1). Table 1 and Fig. 1 provide additional details about 
the samples collected. 

At all stations pressure, salinity, and temperature were measured and 
recorded through a SBE 911 plus CTD, equipped with a rosette sampler 
with 24 × 10 L Niskin bottles. The Oxygen concentration was measured 
by Winkler titration (Williams and Jenkinson, 1982). Oxygen saturation 
was calculated using the measured data and the solubility equations of 
Garcia and Gordon (1992) and coefficients of Benson and Krauss Jr. 
(1984). Apparent Oxygen Utilization (AOU) refers to the consumption of 
oxygen over that period, which was calculated as difference between 
oxygen saturation and oxygen at a given depth. AOU could be treated as 
an indicator of microbial heterotrophic metabolism. Mixed layer depth 
(MLD) was determined as the depth of the maximum buoyancy fre
quency according to Carvalho et al. (2016). The index of ice-melting 
water (%MW) was calculated according to the method of Mendes 
et al. (2018) using the salinity of the surface (Ssurface) and deep (Sdeep, 
about 300 m) seawater, as followed by using Eq. (1): 

%MW =
[
1 −

(
Ssurface − 6

)/(
Sdeep − 6

) ]
× 100. (1)  

2.2. Sample treatment 

The collected samples for DOC and CDOM analysis were filtered by 
pre-combusted Whatman GF/F filters, and the filtrate were distributed 
into two pre-combusted 20 mL glass ampoules and preserved at -20 ◦C 
for further analysis in the land laboratory. 

2.3. DOC analysis 

The DOC analysis was conducted using a Shimadzu TOC-L analyzer 
based on high temperature combustion. The Milli-Q water (blank) 
samples were subtracted as a baseline, and standard (42–45 μM C for the 
DOC, Deep Sea Reference from University of Miami) were measured to 
check the accuracy of the measurements. Analytical errors based on the 
replicated measurements, which were at least three measurements per 
sample, were within 5% of the DOC value. 

2.4. CDOM analysis 

2.4.1. UV-Vis measurements 
CDOM absorbance was measured throughout the UV and visible 

spectral domains (240–800 nm) with a resolution of 1.0 nm, by using a 
Shimadzu Spectrophotometer UV-2700 and a 5 cm quartz cuvette. The 
absorbance (A) was converted into Napierian absorption coefficients (a) 
by using Eq. (2): 

aλ = 2.303×
Aλ

L
+ k (2)  

where Aλ is the absorbance at the wavelength l and L is the optical path- 
length expressed in m and k is an offset calculated as the mean absor
bance between wavelengths 650 nm and 700 nm (approximately zero) 
(Green and Green and Blough, 1994). The Napierian absorption coeffi
cient (al) was calculated at 254 nm. 
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2.4.2. Excitation Emission Matrices (EEMs) 
Excitation Emission Matrices (EEMs) were recorded by using the 

Fluorescence Spectrofluorometer (F4700, Hitachi) with a 1 × 1 cm 
quartz cuvette. The excitation range was set from 250 to 450 nm, while 
the emission range was set from 300 to 600 nm. The excitation and the 
emission scans were set at 5 nm and 1 nm steps, respectively. Blank 
subtraction, instrument correction, and Raman Unit normalization were 
performed. The EEMs were corrected for instrumental bias and sub
tracted by the EEM of Milli-Q water measured in the same conditions. 
The Rayleigh and Raman scatter peaks were removed by using the three- 
dimensional interpolation (Zepp et al., 2004). EEMs were normalized to 
the water Raman signal (Lawaetz and Stedmon, 2009), and the fluo
rescence intensities were reported as equivalent water Raman Units (R. 
U.). The EEMs data were further analyzed using the parallel factor 
analysis (PARAFAC) with the DOMFluor toolbox (Stedmon and Bro, 
2008). The four-component model was validated by split-half, random 
initialization analysis and analysis of residuals. The humification index 
(HIX) and the biological index (BIX) were calculated from the sample 
EEMs, as indices for the humification degree and the contribution of 
biological and autochthonous DOM, respectively (Huguet et al., 2009). 

2.5. Analysis of Chl a concentration 

For pigment samples, 3 L of seawater was filtered using GF/F glass 
fiber filter (Whatman, New Castle, U.S.A.) under gentle vacuum (< 0.5 
atm) and dim light conditions, and then stored at − 80 ◦C until lab 
analysis. Prior to instrumental analysis, samples were pre-treated ac
cording to the method described in Zapata et al. (2004). The pigments 
were extracted with 3 mL of acetone, ultrasonicated in an ice bath for 30 
s, and then stored at − 20 ◦C for 2 h. The extract was separated from filter 
debris, and the supernatant was dried under gentle N2 stream and re- 
dissolved with a 300 μL mixture of methanol and water (9:1 v/v). The 
analysis was completed within four hours. Pigment extracts were 
analyzed using Acquity H-Class Ultra Performance Liquid Chromatog
raphy (UPLC, Waters Corp., Milford, U.S.A.) comprising UPLC- 
Quaternary Solvent Manager, Sample Manager-FTN, PDAeλ Detector, 
and FLR Detector. The analysis used the Acquity UPLC BEH C18 Column 
(50 × 2.1 mm, 1.7 μm) at a flow rate of 0.4 mL•min− 1. A binary gradient 
elution program was used according to Zapata et al. (2000). Pigments 
were qualitatively and quantitatively detected by comparing retention 
time, absorption spectra, and area of the peaks in each sample chro
matogram with those of authentic standards purchased from DHI Water 
and Environment (Hørsholm, Denmark). The detection limits of the 

Table 1 
Location details in the study area. MLD is the Mixed Layer Depth. %MW is the index of ice-melting water.  

Study area Station Date (UTC) Longitude (◦) Latitude (◦) Depth (m) MLD (m) %MW 

ASOW A3–08 2020/1/21 − 119.84 − 69.02 3600 24 5.34 
A3–06 2020/1/23 − 119.84 − 70.51 2820 15 7.05 
A4–09 2020/1/31 − 115.00 − 68.00 4480 40 3.07 

ASP A11–02 2020/1/26 − 115.01 − 72.99 666 28 3.39 
A11–00 2020/1/27 − 112.10 − 73.99 754 37 0.97 
A4–03 2020/1/27 − 112.74 − 72.70 437 24 3.87 
A9–01 2020/1/29 − 117.00 − 73.40 336 24 1.11 
A3–01 2020/1/29 − 119.81 − 73.02 417 21 3.61 
A3–03 2020/1/30 − 120.05 − 72.36 1755 12 5.16  

Fig. 1. Location of the stations sampled during austral summer in 2020 cruise. Amundsen Sea Open Water (ASOW) and Amundsen Sea Polynya (ASP) stations were 
indicated by yellow circles and green circles, respectively. The Antarctic Slope Current (ASC, deep blue), the Antarctic Circumpolar Current (ACC, light green), and 
Ross Gyre (purple) are also labeled schematically. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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method were 2.20 μg•L− 1. 

2.6. Statistics 

Data plot and statistical analysis were performed with Ocean Data 
View software (Schlitzer, 2019) and Origin 9.65 software. Differences in 
response between two categories were assessed with a two-sample t-test, 
using a p-value of 0.05 or 0.01 to determine statistical significance. The 
correlations were investigated and considered robust when p < 0.0001 
for the whole data-set and p < 0.05 for the single areas. 

3. Results 

3.1. Water mass and hydrographical conditions 

The survey conducted in the Amundsen Sea revealed three promi
nent water masses based on the vertical profiles of temperature and 
salinity (Fig. 2). These water masses consist of Antarctic Surface Water 
(AASW), the relatively cold Antarctic Winter Water (WW), and the warm 
and salty modified Circumpolar Deep Water (mCDW). AASW exhibited a 
wide range of temperature, primarily due to the solar radiation, 
particularly in the center of polynya. It is characterized by low salinity 
(< 34.1) resulting from the melting of sea ice. Long-time exposure to 
solar-radiation and the influence of ice-melting water contribute to the 
stratification of AASW, especially in ASP, with an average MLD of 24 ±

8 m. The cold WW is situated below AASW, commencing at depths 
ranging from approximately 30 to 50 m, except for stations A11–00 and 
A11–01, which exhibit the onset of WW at depths of about 60 to 80 m. 
WW is characterized by temperatures lower than − 1.5 ◦C. The shelf area 
of the Amundsen Sea is affected by the intrusion of warm mCDW, with 
its influence extending even to a water column depth of 200 m in ASOW. 
Previous studies have also reported similar observations, indicating that 
the intrusion of CDW occurs through glacially scoured troughs in the 
seafloor (Jacobs et al., 2012). 

3.2. Spatial distributions of Chl a, DO, and AOU 

A phytoplankton bloom was observed within the surface mixed layer 
in ASP, while low levels of Chl a concentrations were detected in ASOW 
(Fig. 3a and d). The mean values of Chl a are 5.17 mg•L− 1 in ASP, and 
0.21 mg•L− 1 in ASOW (Table 2), respectively. The Chl a concentrations 
upon water depth (0-200 m) within ASP are significantly higher than 
those in ASOW. Typically, high Chl a concentrations are usually asso
ciated with shallow mixed-layer depth and near-shelf regions (Zhang 
et al., 2022). 

The DO concentrations exhibited a similar distribution pattern to 
that of Chl a, indicating a positive correlation with the phytoplankton 
bloom (Fig. 3b). The mean values of DO are 10.63 mg•L− 1 in ASP, and 
9.92 mg•L− 1 in ASOW (Table 2), respectively. The mean values of AOU 
are 1.18 mg•L− 1 in ASP, and 1.82 mg•L− 1 in ASOW (Table 2), 

Fig. 2. The profiles of temperature and salinity for all stations in the epipelagic layer. The water mass identified included: Winter Water (WW), modified Circumpolar 
Deep Water (mCDW), and Antarctic Surface Water (AASW). 
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respectively. High negative values of AOU were observed within the 
surface mixed layer in ASP, suggesting a strong impact of photosynthesis 
process. High positive values of AOU were observed at the water depth 
of 200 m in ASOW, which could be induced by the influence of CDW 
with warm and salty water. The vertical profiles of AOU displayed sharp 
gradients around the depths of the mixed layer, which were primarily 
observed in ASP and not in the open ocean (Fig. 3c and f). This indicates 
a unique characteristic of the polynya environment. 

3.3. HIX, BIX, and PARAFAC components 

The mean values of HIX are 0.59 in ASP, and 0.60 in ASOW (Table 2), 
respectively. The HIX at most stations are <1.00. The mean values of BIX 
are 1.37 in ASP, and 1.45 in ASOW, respectively. The PARAFAC method 
was employed in this work, and four fluorophore components were 
identified using our dataset (Fig. 4a–h and Table 3). Component 1 (C1) 
has the primary excitation wavelength (Ex) and emission wavelength 
(Em) of 255 nm and 444 nm, respectively. The second Ex peak with a 

lesser intensity was observed at the wavelength of 355 nm. C1 shows 
spectral characteristics similar to humic-like component (peak A + C) 
(Coble et al., 1998). Component 2 (C2) and Component 3 (C3) have the 
Ex/Em of 275 /340 nm and 280 /324 nm, respectively. Both C2 and C3 
were identified as protein-like components. C2 shows typical features of 
tryptophan-like fluorescence. Component 4 (C4) has a primary and 
secondary excitation peak, occurring around 250 nm or less and 310 nm, 
respectively, and a single emission peak at 372 nm. This component is 
characterized by absorption of UVC and UVB light. It is similar to a 
marine humic-like component (peak M) that occurs at Em 370–420 nm 
and Ex 290–310 nm (Coble, 1996). 

4. Discussion 

4.1. In-situ primary productivity as a main source of CDOM in polynya 

A phytoplankton bloom was observed in the upper layers of ASP 
during the survey. The vertical distribution of AOU in ASP suggests that 

Fig. 3. Profiles of Chl a (a and d), DO (b and e), and AOU (c and f) in the Amundsen Sea.  

Table 2 
Mean values and ranges of environmental variables within 200 m in the study area.  

Area Chl a (mg•L− 1) DO (mg•L− 1) DOC (mg•L− 1) AOU(mg•L− 1) a254 (m− 1) HIX BIX 

ASOW 0.21 9.92 0.57 1.82 1.01 0.60 1.45 
ND ~ 0.67 5.95–11.79 0.46–0.73 − 0.31–5.06 0.38–1.53 0.43–0.88 1.25–1.56 

ASP 5.17 10.63 0.49 1.18 2.21 0.59 1.37 
ND ~ 36.58 8.48–15.12 0.35–0.77 − 3.96–3.51 0.64–6.34 0.43–0.79 1.17–1.53  
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phytoplankton self-shading had an impact on the euphotic depths, 
resulting in shallow depths with high Chl concentrations, as previously 
noted by Oliver et al. (2019). In ASP, bacterial abundance (BA) and 
bacterial production (BP) exhibited significant correlation with phyto
plankton biomass (Hyun et al., 2016). The high abundance of microor
ganisms, such as phytoplankton and bacteria, indicates a productivity in 
the upper layer in ASP during our survey. Correlation analyses were 
conducted on ASP and ASOW, as shown in Table 4. No significant cor
relations were found between Chl a and DOC or a254 in ASOW. However, 
in ASP, Chl a concentration showed significant positive correlations with 
DOC (Spearman correlation coefficient [SCC]: 0.72, p < 0.01) and a254 
(SCC: 0.74, p < 0.01) in ASP, respectively. Furthermore, the values of the 
humification index (HIX) (<4) and the bacterial index (BIX) (>1) sup
port the notion that DOM in ASP originates from biological or aquatic 
bacterial sources, following the findings of Huguet et al. (2009). Previ
ously, Lee et al. (2016) also suggested that CDOM in ASP was signifi
cantly associated with chlorophyll, suggesting that Phaeocystis antarctica 

Fig. 4. EEM contour plots of the four different fluorescent components C1–C4 (a - d) identified by PARAFAC, excitation (dash lines) and emission (solid lines) spectra 
of four components (e–h). 

Table 3 
Identification of the four PARAFAC components through the comparison with 
the literature data.  

Fluorescent 
component 

Ex/Em Traditional 
Identification 

Reported literature 

C1 
255 
(355)/ 
444 

UVC humic-like 
+UVA humic-like 

Coble, 1996; Yamashita and 
Tanoue, 2003; Stedmon and 
Markager, 2005; Jørgensen 
et al., 2011 

C2 275/340 protein-like 
Coble, 1996; Yamashita and 
Tanoue, 2003 

C3 280/324 protein-like 
Burdige et al., 2004; Murphy 
et al., 2006; Yamashita et al., 
2008 

C4 (<250) 
310/372 

UVC humic-like +
marine humic-like 

Coble, 1996; Zhang et al., 
2009; Jørgensen et al., 2011  

Table 4 
Comparison of the Spearman correlation coefficient (SCC) in the Amundsen sea.    

AOU Chl a DOC a254 C1 C2 C3 C4 Sanility HIX 

ASOW Chl a − 0.62*          
DOC 0.20 − 0.21         
a254 − 0.58* 0.29 − 0.09        
C1 0.85** − 0.46 0.46 − 0.38       
C2 0.11 0.38 0.53 0.01 0.36      
C3 − 0.38 0.81** − 0.11 0.02 − 0.18 0.55*     
C4 0.75** − 0.47 0.40 − 0.37 0.90** 0.21 − 0.05    
Sanility 0.87** − 0.57* 0.08 − 0.37 0.95** 0.21 − 0.38 0.83**   
HIX 0.72** − 0.66** 0.14 − 0.22 0.74** − 0.01 − 0.59* 0.60* 0.81**  
BIX − 0.80** 0.59* − 0.35 0.38 − 0.88** − 0.09 0.40 − 0.86** − 0.78** − 0.85** 

ASP Chl a − 0.67**          
DOC − 0.46* 0.72**         
a254 − 0.48* 0.74** 0.58**        
C1 0.19 0.48** 0.38* 0.48**       
C2 − 0.40 0.86** 0.63** 0.60** 0.67**      
C3 − 0.30 0.23 0.22 0.07 0.15 0.29     
C4 0.15 0.24 0.13 0.22 0.74** 0.42* − 0.01    
Sanility 0.85** − 0.69** − 0.59** − 0.44** − 0.07 − 0.59** − 0.41* 0.14   
HIX 0.64** − 0.56** − 0.41* − 0.30 0.00 − 0.40* − 0.75** 0.08 0.66**  
BIX 0.01 − 0.37* − 0.34 − 0.18 − 0.57** − 0.47** 0.02 − 0.18 0.13 − 0.07 

(** means p < 0.01; * means p < 0.05) 
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(P. antarctica) played a major role in CDOM production. The disparity 
observed in the correlation between salinity and DOC in the ASP and 
ASOW suggests a wide range of sources for DOC in the ASOW. In both 
ASP and ASOW, salinity exhibits a significant positive correlation with 
HIX, indicating that the deeper water influenced by the intrusion of 
mCDW exhibits the characteristic of higher HIX values. 

The concentration of Chl a shows a positive correlation with major 
protein-like PARAFAC components C2 (SCC: 0.86, p < 0.01) and huimic- 
like component C1 (SCC: 0.48, p < 0.01). This suggests that phyto
plankton is likely the main source of fluorescent dissolved organic 
matters (FDOM) in ASP. However, the absence of a positive correlation 
between Chl a and other protein-like components C3, as well as humic- 
like component C4, may indicate the presence of additional sources. The 
emission spectrum of C3 exhibits a blue-shift compared to authentic 
tryptophan fluorescence. It is known that the fluorescence characteris
tics of amino acids depends on whether they are freely dissolved or 
bound in proteins (Lakowicz, 2006). The molecular structure changes 
such as a decrease in the number of aromatic rings, reduction of con
jugated bonds in a chain structure, and conversion of a linear ring sys
tem to a non-linear one can result in blue-shift emission of CDOM 
(Coble, 1996). Therefore, C3 is identified as a blue-shifted tryptophan- 
like component (Yamashita et al., 2008). Similar components to C3 have 
been found in coastal ocean of Ise Bay (Yamashita et al., 2008), marine 
sediment pore waters (Burdige et al., 2004), and ballast water in ship 
(Murphy et al., 2006). The strong signals of C3 observed at depths 
around the mixed layer depth (MLD) in ASOW samples A3–06 and 
A4–09 (Fig. 5c and g), which experience significant influence from ice- 
melting water (evidenced by %MW in sample A3–06 being 7.05%, as 

shown in Table 1), along with its occurrence at the surface of ASP, 
suggest that C3 may serve as a potential tracer for DOC originating from 
ice-melting water. 

The similar C1 component of humic-like substances in the Amundsen 
Sea waters was also identified by Jeon et al. (2021), characterized by Ex 
and Em of <250 nm and 448 nm, respectively. However, Chen et al. 
(2019) identified the tyrosine-like component as C1 using the PARAFAC 
method based on data from the ASP cruise during the high primary 
productivity period in the 2016 austral summer. The disparate charac
teristics of C1 observed in different investigations in ASP may be 
attributed to variations in CDOM nature resulting from sampling at 
different bloom stages. In our study, we did not detect strong signals of 
tyrosine-like fluorescence. Furthermore, in their respective studies, 
Chen et al. (2019) and Jeon et al. (2021) both identified two similar 
protein-like components: C300/342 and C<250(300)/359, respectively. This 
kind of component, which might be related to glacier source DOM (Chen 
et al., 2018), was not detected in our samples. It could probably be 
explained by the prolonged open period of ASP in our survey and 
consequently less influenced by melting-water from glacier indicated by 
%MW information (Table 1). Indeed, the presence of protein-like com
ponents related to melting-water from glaciers or seasonal ice has been 
identified in ASP through previous studies. This suggests a potential 
relationship between the types of sea ice and the differences observed in 
Ex and/or Em characteristics of the DOM. Further investigation is 
necessary to explore this relationship in future studies. 

Fig. 5. Depth profile of the EEM components C1(a and e), C2 (b and f), C3 (c and g), and C4 (d and h) in the Amundsen Sea.  
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4.2. Water mass and biodegradation control the CDOM dynamics upon 
water depth in polynya 

The profiles of DOC and CDOM in ASP indicate the accumulation of 
these substances within AASW. This accumulation is likely related to the 
presence of a phytoplankton bloom in the upper layer, as illustrated in 
Fig. 6. In contrast, the concentration of DOC and relative abundance of 
CDOM in WW are much lower and exhibit a more uniform distribution. 
This can be attributed to the mixing processes occurring within the WW. 
Unlike the AASW, the severe stratification observed in the AASW limits 
the vertical transport of dissolved and particulate organic matter. As a 
result, the organic matter remains concentrated within the AASW, 
leading to higher levels of DOC and CDOM in this region compared to 
the WW. Furthermore, after conducting a linear regression analysis on 

DOC and a254 in ASP (Fig. S2), we observed an Adj. R-Square (R2) of 
0.13. The lower R2 value can be attributed primarily to the decreased 
CDOM content in the surface water of three nearshore stations (A11–00, 
A11–02, and A9–01). This decrease is probably a result of the earlier 
melting of sea ice in this region, leading to an extended exposure time to 
solar radiation when surface water temperature exceeds 1 ◦C. This 
prolonged exposure causes significant photobleaching, resulting in a 
substantial reduction of CDOM levels in the surface water. If the effect of 
photobleaching is not taken into account, the R2 value would increase to 
0.32. A similar effect of photobleaching on CDOM in the surface layer 
has been previously observed in ASP (Chen et al., 2019). 

It has long been recognized that marine phytoplankton is the primary 
source of CDOM. However, the association between CDOM and phyto
plankton is indirect, as bacteria play a crucial role in CDOM production 

Fig. 6. The vertical distributions of DOC (a and c) and CDOM (b and d) in the Amundsen Sea.  
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(Cammack et al., 2004; Nelson et al., 1998; Rochelle-Newall and Fisher, 
2002). Humic-like component C1 is expected to absorb light in the UVC 
and UVA regions. The components with similar spectral characteristics 
were characterized as reduced quinone-like and their spectral loadings 
were compared to that of the model compound anthrahy- droquinone- 
2,6-disulfonate (AHDS) (Cory and McKnight, 2005). The long peak 
excitation and emission wavelengths of C1 indicate that this component 
consists of large molecular size, hydrophobic compounds (Wu et al., 
2003). The similar components have been found in aquatic systems that 
are dominated by terrestrial and microbial input, and were found in a 
wide variety of areas such as river (Stedmon et al., 2003), estuary 
(Stedmon and Markager, 2005), coastal ocean (Coble, 1996), and open 
ocean (Yamashita and Tanoue, 2003). However, recent research 
revealed that this type of fluorophores may be intermediate products 
rather than just a result of terrestrial input (Ishii and Boyer, 2012). The 
major source of these humic-like components was also considered to be 
from the microbial turnover of organic matter (Jørgensen et al., 2011). 
Considering allochthonous and anthropogenic sources of DOM are 
negligible due to minimum terrestrial input or human impact in the 
studied area (Dayton et al., 1994), we can take C1 as autochthonous 
organic matter in water column. C4 component can be attributed to 
humic-like substances produced in-situ by phytoplankton and microbial 
activity (Stedmon and Markager, 2005; Murphy et al., 2006; Zhang 
et al., 2009). This type of fluorophore is similar to those with terrestrial 
and marine precursors (Ishii and Boyer, 2012). The high levels of C1 and 
C4 observed in the upper layer of ASP are indicative of elevated mi
crobial activity, which corresponds to the phytoplankton bloom occur
ring in the euphotic zone. Rochelle-Newall and Fisher (2002) proposed 
that humic-like fluorescent components are not directly produced by 
phytoplankton communities, but rather by bacteria through the pro
cessing of non-fluorescent organic matter released by phytoplankton. It 
was widely reported that the production of aquatic humic-like fluo
rophores is highly correlated with microbial activity (Stedmon and 
Markager, 2005; Nelson et al., 2010; Yamashita et al., 2010). These 
humic fluorophores were unlikely to be released directly from cells since 
their relatively large molecular size (13–150 kDa; Boehme and Wells, 
2006), whereas bacterial membranes are permeable to molecules in the 
size range of 0.5–1 kDa. It was speculated that microbial activity (het
erotrophic and autotrophic) in the ocean, including passive release, viral 
lysis, grazing, and excretion, produces the precursor materials which 
could extracelluarly form humic materials via abiotic process (Jørgensen 
et al., 2011). 

To investigate the role of microbial heterotrophic respiration in 
CDOM dynamics, AOU was used as an indicator of microbial hetero
trophic metabolism. This analysis excluded AOU values where primary 
production rates prevailed over respiration rates (i.e., AOU < 0 mg•L− 1) 
to minimize the effect of primary productivity and exchange with the 
atmosphere on the AOU distribution. The correlation analysis revealed 
that AOU is negatively correlated with the DOC (SCC: − 0.46, p < 0.05) 
and CDOM (SCC: − 0.48, p < 0.05) in ASP, indicating bacterial decom
position as a main removal pathways of major dissolved organic matters. 
Additionally, AOU is positively correlated with FDOM components C1 
(SCC: 0.85, p < 0.01) and C4 (SCC: 0.75, p < 0.01) in ASOW, confirming 
the key role of microbial heterotrophic metabolism in the production of 
humic-like materials in the ocean. Although a positive correlation be
tween AOU and humic-like FDOM components is not observed in ASP 
due to the mismatch of applied AOU and active heterotrophic meta
bolism at the same depth, Component C2 provides insight into esti
mating the extent of bacteria activity at those depths. Trypytophan-like 
component C2 was widely observed in both open and coastal oceans 
(Table 3), and its strong fluorescent signal in the shallow waters of ASP 
potentially suggests the presence of strong bacteria activities (Deter
mann and Lobbes, 1998). The fluorescent signal level of C2 is the highest 
among the other three components, and its profile shows a strong signal 
area within 50 m depth of ASP (Fig. 5), potentially suggesting the strong 
bacteria activities in the shallow water of ASP. The positive correlations 

between components C2 and C1 (SCC: 0.67, p < 0.01) and C4 (SCC: 0.42, 
p < 0.05) provide further evidences for the enhanced bacteria activities 
(Table 4). Therefore, the physical variables (water mass and solar ra
diation) and bioprocesses (phytoplankton production and microbial 
heterotrophic metabolism) may be key factors controlling CDOM dy
namic in polynyas. 

5. Conclusion 

In the 2020 austral summer, we conducted a field survey in a highly 
productive polynya of Amundsen Sea, and found a phytoplankton bloom 
in upper water column, with phytoplankton being the main source of 
DOC and CDOM in ASP. Microbial heterotrophic metabolism was found 
to be the main pathway of DOC removal and also involved in the 
dominant production process of humic-like fluorescent components. The 
CDOM dynamic in polynya was mainly controlled by physical variables 
(water mass and solar radiation) and bioprocesses (phytoplankton pro
duction and microbial heterotrophic metabolism). Lee et al. (2017) 
suggested that CDW intrudes deep into the Amundsen shelf along the 
bottom, and the carbon-laden water (fine POC or dissolved carbon 
forms) flows off the shelf in the upper layer. Our findings also show that 
average DOC of WW in ASP (0.43 ± 0.07 mg•L− 1, n = 18) is obviously 
lower than that in ASOW (0.55 ± 0.08 mg•L− 1, n = 6, p < 0.05), indi
cating a strong conversion of DOC below the surface mixed layer in 
polynya during the summer bloom at ice-free time.This information 
could help evaluate whether the export carbon from the surface mixed 
layer of ASP is flushed off the Amundsen shelf mainly in the form of 
dissolved inorganic carbon, though further studies on the contribution 
from glacier-melting water would be needed. 
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